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Atomic physics experiments commonly use millitesla-scale magnetic fields to provide a quan-
tization axis. As atomic transition frequencies depend on the magnitude of this field, many
experiments require a stable absolute field. Most setups use electromagnets, which require a
power supply stability not usually met by commercially available units. We demonstrate sta-
bilization of a field of 14.6 mT to 4.3 nT rms noise (0.29 ppm), compared to noise of > 100 nT
without any stabilization. The rms noise is measured using a field-dependent hyperfine tran-
sition in a single 43Ca+ ion held in a Paul trap at the centre of the magnetic field coils.
For the 43Ca+ “atomic clock” qubit transition at 14.6 mT, which depends on the field only
in second order, this would yield a projected coherence time of many hours. Our system
consists of a feedback loop and a feedforward circuit that control the current through the
field coils and could easily be adapted to other field amplitudes, making it suitable for other
applications such as neutral atom traps.
I. INTRODUCTION
In many atomic physics experiments, the quantiza-
tion axis is defined by a static magnetic field, typically
between a few hundred microtesla and a few tens of
millitesla. In trapped-ion quantum information experi-
ments, for example, hyperfine or optical transitions can
serve as the basis for qubits, when orientational degener-
acy is lifted by application of a static magnetic field.1–3
The transition frequencies usually depend on magnetic
field to first order, through the Zeeman effect, which
leads to qubit decoherence via magnetic field noise. At
certain magnetic field values, particular transitions are
field-independent to first order, giving so-called “atomic
clock” qubits; these occur for example at 11.9 mT in
9Be+, 14.6 mT in 43Ca+, and 21.3 mT in 25Mg+.4–6 How-
ever, to access the qubit state, transfer pulses on field-
dependent transitions are used, which makes the qubit
state preparation and readout operations susceptible to
magnetic field noise.7 Hence there is a requirement for
low absolute field noise at relatively large fields. Other
applications, such as atomic clocks and precision tests of
fundamental physics, also benefit from low magnetic field
noise.8,9
In most setups that use magnetic coils to generate the
desired field, the field noise is dominated by the coil cur-
rent noise. While the use of off-the-shelf low-noise power
supplies can reduce this contribution, their noise levels
are still too high for high-fidelity experiments. Magnetic
field noise could be minimized by using superconduct-
ing coils, which require cryogenic temperatures. While
cooling the trap would benefit other properties as well,
for example it should reduce the ion heating rate10,11
and allow for superconducting magnetic shielding12,13,
it increases the complexity of the trap design. A dif-
ferent approach substitutes permanent magnets for the
coils, which results in a noise reduction by many orders
of magnitude but loses the flexibility of adjusting the field
amplitude.14,15
Another contribution to the magnetic field noise is
from the lab environment, e.g., power supplies and other
electronic devices. Particularly at 50 Hz and harmon-
ics, noise arising from the mains electricity is commonly
observed in the laboratory. Unfortunately, environmen-
tal noise cannot be controlled directly or reduced by the
use of permanent magnets. The most effective way to
make the ions insensitive to external magnetic field fluc-
tuations is by shielding, e.g., as provided by mu-metal
enclosures,13,15 but this often reduces the optical access.
Magnetic field noise can be actively cancelled by mod-
ulating the coil current to stabilize the output of a mag-
netometer in a feedforward or feedback configuration;
possible magnetometers include fluxgates16,17 or sense
coils18,19. A limitation of this approach arises when the
magnetometer cannot be located at the site of interest,
for example due to physical constraints in the apparatus
or saturation of the sensor. In this case, the field at the
sensor may not perfectly track the field in the region of
interest, leading to imperfect noise suppression.16,17
While the control of magnetic fields of a few hundred
microtesla at a level of 2.5 ppm had been demonstrated
using feedback and feedforward techniques,20 the stabil-
isation of fields of tens of millitesla remains challenging
due to the greater impact of coil current noise.21
In this work, we present a setup to produce a 14.6 mT
field with 0.29(1) ppm rms noise. We first stabilize the
60 A coil current by feeding back on a low-noise current
probe. Next, we suppress fluctuations in the ambient
field at harmonics of the 50 Hz mains power frequency
by adding an out-of-phase feedforward signal to the coil
current, with signal parameters calibrated using a single
43Ca+ ion as a field probe.
We characterise the performance of this system by
measuring the coil current noise and the coherence time
of a field-dependent qubit transition in 43Ca+. Through
a combination of feedback and feedforward, we achieve a
25-fold increase in the qubit’s coherence time, consistent
with the measured suppression of coil current noise.
II. DESIGN OVERVIEW
Our approach to stabilizing the magnetic field has two
parts: a feedback loop and a feedforward circuit. Both
of them adjust the current through the magnetic field
coils, which is provided by a low-noise constant current
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2power supply Keysight 6671A (see Fig. 1 for the basic
schematics).
The input to the feedback loop is derived from a cur-
rent sensor in series with the field coils. The sensor out-
put is processed by several filter stages. The control volt-
age generated by the feedback circuit then drives the base
current of a transistor that bypasses both coils and sen-
sor, thereby adjusting the coil current and the magnetic
field. Since the feedback stabilizes only the coil current
and not the magnetic field itself, the ion is still suscepti-
ble to ambient magnetic field noise. We can correct for
oscillations at 50 Hz and harmonics with a fixed phase
offset from the mains electricity using the feedforward
circuit, which modulates the coil current (but not the
current through the sensor) in antiphase with the power
line.
For the optimum feedback loop design, we start with a
low-noise current sensor and design the subsequent input
stage so as to minimize degradation of the sensor per-
formance. The sensor must provide high sensitivity and
low noise over a bandwidth of a few kilohertz in order
to detect all noise produced by the power supply. For
currents of a few amperes or less, a four-terminal resistor
would be an excellent choice. At higher currents, how-
ever, there is a strong trade-off between signal level and
power dissipation: a sense resistor that provides a signal
of 2 V at 60 A would dissipate ∼ 100 W. For this reason,
we prefer to use a fluxgate sensor, which has the added
benefit of being non-invasive so that the large coil current
does not need to pass directly through the stabilization
circuit. We chose the LEM IT 400-S as it was the lowest-
noise sensor commercially available (specified maximum
rms noise of 1 ppm in 0 . . . 1 kHz, at 400 A). Since its
relative output noise decreases with increasing current,
it is advantageous to maximize the primary current. By
winding up 6 turns of the cable around the sensor, we
increase the effective primary current to 360 A. The out-
put current of the fluxgate sensor is measured with a
four-terminal resistor and an instrumentation amplifier
for common-mode noise rejection.
By subtracting the DC setpoint, we generate an error
signal, i.e. the deviation of the sensed current from the
setpoint. We measure this error signal with an FFT ana-
lyzer to obtain noise spectra. In the following section we
will discuss different contributions to these noise spectra
and how we generate a feedback signal from this input.
III. ELECTRICAL CHARACTERIZATION AND
FEEDBACK CIRCUIT DESIGN
Before designing the feedback loop and the feedforward
circuit, we characterize the sensor, input stage, power
supply unit and coils. These measurements will deter-
mine the required feedback bandwidth and the eventual
current noise floor of the closed-loop system.
The first stages of the feedback circuit have to be de-
signed carefully since the expected AC signals (i.e. noise
of the coil current) are of the same order as the intrinsic
noise of the components. The setpoint voltage is pro-
vided by two digital-to-analog converters (DACs) that
are supplied by a low-noise voltage reference (LTC6655 ).
They allow for separate coarse and fine tuning of the
DC setpoint, with a resolution of 0.09 ppm (1.3 nT for
our application at 14.6 mT). In the subtraction stage,
the error signal is also amplified by a gain of 200, after
which the signal is much larger than the typical noise
from electronic components in the circuit, so standard
design techniques can be used for the subsequent stages.
We characterize the sensor with the primary current
circuit detached by measuring the error signal of the in-
put stage with the FFT analyzer. The measured sen-
sor noise spectrum shows white noise of 0.1 nT/
√
Hz be-
tween 10 Hz and 80 kHz (see Fig. 3, blue curve, and Ta-
ble I). Spurs at 17 kHz and harmonics (∼ 9 ppm rms)
are sensor artefacts arising from the fluxgate operation.
As a comparison, we emulate an ideal current sensor by
shorting the four-terminal resistor (i.e. no output cur-
rent noise at 0 A). The resulting spectrum does not show
the fluxgate clock noise but has the same white noise
of 0.1 nT/
√
Hz (0.26 ppm in 1 Hz . . . 1 kHz, equivalent to
3.8 nT at 14.6 mT). This shows that the measured broad-
band noise level is dominated by the instrumentation am-
plifier or the setpoint subtracter, and not by the fluxgate
sensor. Any stabilization by the feedback loop can re-
duce the noise no lower than this noise floor. At the
low-frequency part of the spectrum, we expect noise con-
tributions from the voltage reference and the DACs to
be of the same order as the sensor’s noise. Note that
this measurement of the noise floor was taken at zero
DC setpoint, where the reference voltage noise does not
contribute to the analyzed signal. Hence, the measured
noise floor is only a lower bound at low frequencies. For
a more detailed analysis of the noise contributions from
different parts of the circuit, we provide a noise and sta-
bility model online along with the source files.23
We next connect the sensor to the coils and the power
supply unit, without the feedback or feedforward shunts,
and apply a current of 60 A to measure the initial coil
current noise without any stabilization (fig. 3, red curve).
The noise of the power supply is mainly located at fre-
quencies below 5 kHz, leading to 96 nT rms noise between
0.4 Hz and 1 kHz. Spurs at 50 Hz and harmonics (> 50 nT
rms) are fluctuations of the coil current with the mains
electricity.
From these pre-characterization measurements we de-
rive a required bandwidth of the feedback loop between
1 kHz and 10 kHz: on one hand, the bandwidth should
be no lower than 1 kHz since otherwise a major part of
the power supply noise would not be attenuated. As the
bandwidth increases, the attenuation factor at lower fre-
quencies increases, too. On the other hand, the feedback
must not respond to the fluxgate clock noise at 17 kHz
and harmonics. For this reason, we add notch and low-
pass filters to the feedback circuit after the error-signal
generation. These filters, however, reduce the phase mar-
gin of the feedback loop, which could result in instabil-
ity if the bandwidth was close to the notch frequency
(17 kHz). Therefore, a trade-off has to be found between
the suppression of any 17 kHz fluxgate clock noise, and
the suppression of broadband noise. We choose 3 kHz as
the target bandwidth.
We now have to ensure correct operation of the current
shunt over the target bandwidth of the feedback loop. If
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FIG. 1. Schematic view of the feedback loop (solid) and the feedforward circuit (dashed). The power supply runs in constant-
current mode. For the feedback loop, a sensor measures the current through the coils, from which a control voltage V shunt is
derived. This control voltage is then fed into a shunt that bypasses sensor and coils. A block diagram of the feedback circuit
is shown in fig. 2. A line-trigger provides a phase-locked reference for synchronization of the feedforward correction with the
mains. Full details of the circuits were published on GitHub.22
the power supply were an ideal constant-current source
with a DC output current IPSU, any AC signal Ishunt
through the shunt would induce the same signal but with
opposite sign in the current Isens through sensor and mag-
netic field coils, since Isens = IPSU − Ishunt. The supply’s
large output capacitance, however, leads to a deviation
from an ideal constant current source at higher frequen-
cies and gives resonant effects by coupling to the coils’
inductance. We characterize this behaviour by measuring
the transfer function Isens/Ishunt, which shows a drop in
amplitude of nearly two orders of magnitude from 10 Hz
to 100 Hz. To correct for this, we add a compensation
stage after the notch filters of the feedback circuit. We
find that a bi-quadratic filter works well for our setup,
with components chosen so that the filter’s transfer func-
tion approximates the inverse of the measured one. Note
that the measured transfer function depends strongly
on the power supply (and also on the coil inductance,
which is ≈ 0.6 mH in our experiment), and therefore the
components in the compensation stage would have to be
adapted to different setups.
The final stage of the feedback circuit provides gain
and defines the bandwidth; its output is taken to the cur-
rent shunt, which can shunt up to 100 mA away from the
coils. We use a double integrator to reduce low-frequency
noise without degrading the phase margin near the unity-
gain cross-over. A block diagram of the feedback circuit
is shown in fig. 2.
For initial characterization, we measure the current
noise with the feedback loop closed (Fig. 3, yellow curve)
and compare it to the previous measurements without
any stabilization (red curve). When the feedback loop
is closed, the noise is clearly suppressed for frequencies
below 3 kHz. It appears to be below the noise floor be-
cause we are measuring the in-loop error signal; the ac-
tual current noise will not be lower than the noise floor as
determined before (blue curve). Around 10 kHz, a small
TABLE I. Summary of rms magnetic field noise under various
conditions. Values in parentheses are derived from measure-
ments of the error signal with an FFT analyzer (see fig. 3);
others are deduced from measurements on the 43Ca+ qubit
(see table II).
rms noise dominant noise source
No stabilization (96 nT) power supply unit
Feedback alone 16.1 nT ambient 50 Hz line noise
With feedback 4.5 nT limited by noise floor and
and feedforward feedback bandwidth
Sensor noise floor (3.8 nT) instrumentation amplifier,
(0.1 Hz to 3 kHz) reference subtraction
bump in the noise spectrum is only present with feedback
enabled: it arises where the phase margin is < 90◦ as a
result of the trade-off chosen between the cancellation of
any 17 kHz fluxgate clock noise and the suppression of
broadband noise around 10 kHz.
IV. FEEDFORWARD CALIBRATION
Since the ion is sensitive to the magnetic field and not
just to the coil current, we still have contributions from
ambient field noise. A dominant contribution to ambi-
ent noise arises from the mains electricity, at 50 Hz and
harmonics thereof. While the feedback loop suppresses
current noise at these frequencies sufficiently, the ambi-
ent field noise is not attenuated, as it is not detected by
the current sensor.
To probe the magnetic field, we use a single trapped
43Ca+ ion that is held in a blade-type Paul trap in ul-
trahigh vacuum and is located approximately at the geo-
metrical centre of the magnetic field coils.24 We perform
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FIG. 2. Block diagram of the feedback circuit. Isens = IPSU − Ishunt is the current through the sensor and the magnetic field
coils. The error signal is the sensor output after amplification and setpoint subtraction. The feedback circuit further consists
of notch and low-pass filters to suppress the fluxgate clock noise, a compensator to correct for the large output capacitance of
the power supply, and a type-2 integrator that provides gain. V shunt is the output signal to the shunt.
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FIG. 3. Measurements of the open-loop (red) and closed-loop
(yellow) error signals, compared with the noise floor of the
feedback loop input stage (blue). The right-hand axis gives
the inferred magnetic field noise from the open-loop measure-
ment. By closing the feedback loop, we can suppress the noise
by up to 40 dB. The closed-loop measurement appears to be
below the input stage noise floor because we are measuring
the in-loop error signal; the actual field noise will not be below
the noise floor.
Ramsey experiments on a qubit stored in the ground level
hyperfine 4S4,+41/2 and 4S
3,+3
1/2 states, whose frequency split-
ting is first-order dependent on the magnetic field via the
Zeeman effect, with coefficient 24.5 kHz/µT. Magnetic
field fluctuations will shift the qubit frequency and trans-
late into a phase shift accumulated in each measurement
shot.
To measure the effects of magnetic field modulation in
phase with the 50 Hz power line cycle, we use the zero-
crossing of the power line cycle as a trigger for our ex-
periments. By running a Ramsey sequence much shorter
than 20 ms and analysing the phase accumulated by the
qubit, we can determine the qubit frequency for a fixed
delay time from the line-trigger. Since the qubit fre-
quency follows the magnetic field, a series of measure-
ments for different delay times therefore reveals the os-
cillations of the magnetic field at the ion within each
mains electricity cycle.
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FIG. 4. Oscillation of the magnetic field within each 20 ms
mains cycle, deduced from the 4S4,+41/2 ↔ 4S3,+31/2 transition
frequency of the 43Ca+ qubit, which was measured with a
τR = 10µs Ramsey experiment. Error bars are statistical.
The modulation without (with) the feedforward circuit is
shown in red (black). All experiments were line-triggered,
and the feedback was enabled for both datasets. The solid
curves are fits to modulation with components at 50 Hz and
150 Hz; the amplitude coefficients without (with) feedforward
are 26.2(5) nT and 7.0(8) nT (1.7(4) nT and 1.0(4) nT).
With the feedback loop enabled, we measure a 50 Hz
modulation with an amplitude of 26.2(5) nT (Fig. 4, red
dataset) (for comparison, the current noise at 50 Hz and
harmonics without any stabilization corresponds to 50 nT
rms).
This coherent modulation is clearly distinguishable
from broadband noise and fortunately does not change
significantly over periods of weeks. This allows us to
program the feedforward circuit to modulate the coil cur-
rent in (anti)phase with the power line to counteract the
magnetic field oscillation measured at the ion. With this
feedforward circuit, we measure a remaining modulation
by the mains electricity of only 1.4(5) nT rms, limited by
the measurement accuracy (Fig. 4, black dataset).
5V. COHERENCE TIMES AND LONG-TERM STABILITY
As a figure of merit for the overall magnetic field sta-
bility, we measure the qubit coherence time by Ramsey
experiments. Due to magnetic field noise, the accumu-
lated phase differs from measurement shot to shot, result-
ing in a drop of the Ramsey fringe contrast c when aver-
aged over many shots. In our measurements we observe a
Gaussian decay c = exp(−τ2R/T 2c ), which indicates corre-
lated noise on a time scale longer than the Ramsey delay
time τR. The magnetic field rms noise σB is related to
the Ramsey coherence time Tc by
25,26
σB =
√
2
Tc (2pi × 24.5 kHz/µT) . (1)
Before stabilization and without line-triggering, we
measure a coherence time of 0.082(2) ms, which is in good
agreement with a simulation based on the measured cur-
rent noise spectrum.27,28 With the feedback loop enabled,
we extend the coherence time to 0.57(1) ms, implying a
remaining rms field noise of 16.1(3) nT (Table II). This is
consistent with the measured mains field, which produces
a random variation in the field for each shot.
A common way to avoid the dephasing by a field modu-
lation at 50 Hz and harmonics is to synchronise the exper-
iments with the mains cycle so that the field is the same
for each shot of the experiment.29 In such line-triggered
Ramsey experiments (0 ms delay in Fig. 4) we measure a
coherence time of 1.93(7) ms, which translates to a mag-
netic field noise of σB = 4.8(2) nT.
Alternatively, we can use the feedforward circuit to
suppress the field oscillations at 50 Hz and harmonics.
The fully-stabilized experiments with both feedback and
feedforward enabled show a coherence time of 2.03(5) ms
(rms field noise of 4.5(1) nT), which is consistent with
the result obtained from line-triggered experiments with-
out a feedforward circuit (see Table II for comparison).
Thus the feedforward circuit eliminates the need for line-
triggering, which can greatly improve the rate of data
acquisition, as the experimental repetition rate is not lim-
ited to 50 Hz.
The observed Ramsey coherence time of about 2 ms is
in agreement with a simulation based on the noise floor
from the current noise measurements (Fig. 3, Table I)
after correcting it for missing low-frequency noise that
might be added by the reference.23,27 Thus, the achieved
stabilization is as good as one could expect from the spec-
ified noise levels of the circuit’s components.
In spin-echo measurements, which are less sensitive to
noise at frequencies below ∼ 2/τR, the observed coher-
ence times are about five times longer compared with
simple Ramsey sequences (see Table II). This indicates
that the main source of decoherence is low-frequency
noise. We investigate this by monitoring the drift of
the qubit frequency on an hour timescale (see Fig. 5).
With the feedback enabled, the slow drift corresponds
to an rms noise of 4.3 nT, or 0.29ppm (for frequen-
cies < 0.05 Hz), which is similar to the results obtained
from the coherence time measurements without spin-
echo. This slow drift is consistent with the observed
level of 0.29 ppm low-frequency rms noise to the flux-
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FIG. 5. Long-term magnetic field fluctuations measured at
the ion, by monitoring the 4S4,+41/2 ↔ 4S3,+31/2 qubit frequency
over a period of several hours. The feedback loop was closed.
The rms noise on an hour time scale is 4.3 nT, and the average
drift about 1.5 nT/hour.
TABLE II. Qubit coherence times from Ramsey and spin-echo
measurements, and magnetic field noise as deduced using eq.1.
The noise values for the spin-echo experiments correspond to
a high-pass filtered noise spectrum.27,30 FB indicates experi-
ments performed with feedback enabled; FF with feedforward
enabled; LT line-triggered experiments synchronized with the
50 Hz mains cycle.
stabilization coherence time magnetic field noise
Tc (ms) σB (nT rms)
Ramsey spin-echo Ramsey spin-echo
none 0.082(2) 112(3)
FB 0.57(1) 16.1(3)
FB, LT 1.93(7) 11.3(2) 4.8(2) 0.81(1)
FB, FF 2.03(5) 9.6(1) 4.5(1) 0.96(1)
gate sensor, the DACs and the voltage reference used in
the feedback loop. Note that we do not expect temper-
ature to play a significant role in long-term stability as
the temperature coefficient of the circuit is estimated to
be 21 nT/K (dominated by the voltage reference and the
fluxgate sensor) and the the circuit was operated in an en-
vironment stable to 0.1 K during these measurements.23
For comparison, without any stabilization, the noise
was predominantly at frequencies below 10 Hz (see
Fig. 3), with a low-frequency (< 1 Hz) rms noise of about
14 ppm.
VI. SUMMARY
We have developed feedback and feedforward circuits
that can stabilize a magnetic field of 14.6 mT to a noise
level of 4.3 nT rms (0.29 ppm). This is sufficient to give
a projected coherence time of many hours for the 43Ca+
atomic clock qubit at 14.6 mT (which has a second-order
field-dependence of d2f/dB2 = 240 mHz/ µT2). The per-
formance of the stabilization circuits is not restricted to
this particular field strength and they can be straightfor-
wardly adapted to other experiments with different mag-
6netic field requirements. To obtain a similar relative noise
level of the sensing stage, the number of turns for which
the coil power cable is wrapped around the fluxgate sen-
sor needs to be adjusted. All other corrections specific
to the coils and the power supply are implemented by
the compensator stage of the feedback circuit, which can
determined by a measurement of the transfer function as
described in section III. An alternative strategy would be
to replace the analogue feedback circuit used here with
a digital signal processing (DSP) unit, with which the
feedback optimization could be automated.
The coherence times that we measured for the field-
dependent qubit in 43Ca+ at a stabilized field of 14.6 mT
are comparable to those obtained for field-dependent
qubits at low magnetic fields without stabilization (e.g.
11(2) ms in line-triggered spin-echo measurements on a
40Ca+ Zeeman qubit at 0.37 mT)15, indicating that we
have achieved similar absolute field stability at 14.6 mT
as is typically obtained at fields below 1 mT. This is
also advantageous for experiments using multiple ion
species,31,32 as the different species do not possess atomic
clock transitions at the same magnetic field.
SUPPLEMENTARY MATERIAL
A detailed analysis of the broadband and low-
frequency noise and the long-term stability of the compo-
nents used in the stabilization circuit has been published
as supplementary material, as well as schematics of the
feedback circuit and the current shunt.
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